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Abstract 
High Power Impulse Magnetron Sputtering (HiPIMS) or High Power Pulsed Magnetron 
Sputtering (HPPMS) is a magnetron sputtering method that has proven to be a promising ionized 
physical vapor deposition (PVD) technique, with industrial implementation hindered by low 
deposition rates. HiPIMS applies high voltages and high currents at low duty cycles to the 
sputtering target in order to achieve very high power densities, causing electron densities near 
the target to reach three orders of magnitude higher than DC magneton sputtering (DCMS), 
allowing for an increased ion flux toward the substrate [1]. The increased ionization flux incident 
on the substrate increasing the coating or film density and quality [2]. 
HiPIMS has deposition rates have been cited as low as 25% of DCMS deposition rates 
for relevant target materials [3]. The reasons for the low deposition rate are numerous. The main 
reasons are the return effect [4,5], the yield effect, and the ion species effect [5]. Although all of 
these difficulties could be addressed to combat the issue of low deposition rates in HiPIMS, the 
return effect is the main issue that is addressed by the author. The magnetic field strength, shape, 
and inclination on the target surface all effect the sputtering yield of the magnetron [6]. Previous 
studies by Raman et. al [7,8] have shown that a complex magnetic field topology allows for an 
increased deposition rate in HiPIMS discharges for a 4 inch circular magnetron.  To increase the 
deposition rate, the magnet pack behind the target is altered, and the new magnetic field allows 
for an increased ion flux by reducing the return effect. 
In industrial settings, linear magnetrons are more often used than 4 inch or smaller 
magnetrons. Because HiPIMS is currently not competitive on large scales, there is a demand for 
a similar magnet pack, but for a linear geometry, scalable to any desired length. Circular magnet 
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packs have complete symmetry, but linear magnet packs do not, causing major issues in the 
corners of standard magnet packs, where erosion tends to occur much quicker, due to the 
magnetic field non-uniformity. An investigation of whether a similar magnetic design as the 
tripack v300 can increase deposition rates in linear systems just the same as in circular 
geometries [8], is carried out in this work.  
A magnet pack is designed and modeled in COMSOL Multiphysics, where a magnetic 
field design similar to the Tripack v300 is implemented on a linear geometry with additional 
emphasis on controlled electron loss and expanding plasma allowance. The modeled magnet 
pack is manufactured and named the linear tripack magnet pack. Deposition rate and deposition 
uniformity measurements for multiple powers are discussed for both DC and HiPIMS, using both 
a standard linear magnet pack and the linear tripack magnet pack. Additionally, ion fraction, 
electron temperature, and electron density measurements are taken, and a particle flux model is 
used to explain the ionization mechanisms in HiPIMS for both the standard and linear tripack 
magnet pack. 
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Chapter 1: Introduction 
1.1 Motivation 
The thin film and coating industries are constantly advancing with the demand for higher 
quality films increasing every day. The current high throughput method that is used to make 
these coatings is by using DC magnetron sputtering (DCMS). DCMS produces consistent, high 
deposition rate films and coatings of a variety of materials from metals and alloys to insulators. 
The versatility of magnetron sputtering has made it a main research topic in recent years with the 
implementation of linear and cylindrical magnetrons, as well as advancement in magnetron 
power supplies. Pulsed DC magnetron sputtering, modulated pulsed magnetron sputtering, and 
High Power Impulse Magnetron Sputtering (HiPIMS) are some major power supply 
advancements in magnetron sputtering. 
HiPIMS is a major advancement in magnetron sputtering power supplies. Where DCMS 
applies a constant voltage and current to the sputtering target, HiPIMS applies high power pulses 
to the sputtering target at low duty cycles. These high power pulses allow for increased 
ionization, and therefore increased ion deposition flux toward the substrate [1]. This increased 
ion flux incident on the substrate allows for the growth of films with superior density, less 
surface roughness, and better adhesion than films grown by DCMS [9]. 
Although HiPIMS produces films with better quality, it also deposits films slower. Because 
the deposition rate is slower, the throughput HiPIMS is capable of is lower, and in industrial 
settings, the number of products that can be created in a given time is what drives profits. For 
this reason, HiPIMS is not often implemented industrially. In order to make HiPIMS competitive 
and allow for film quality to increase, a method to increase the deposition rate of HiPIMS must 
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be created. The method by which this work will address this issue is by redesigning the magnetic 
properties of the magnetron. 
1.2 Thesis Statement 
The purpose of this work is to design, model, build, and test a magnet pack to replace a 
standard magnet pack for a linear sputtering magnetron. To allow for industrial implementation, 
this linear magnetron magnet pack should increase the deposition rate in HiPIMS when 
compared with DCMS and overcome the difficulties associated with a non-symmetric linear 
design, as opposed to the previous work that was carried out for a simpler symmetric circular 
geometry.  
1.3 Physical Vapor Deposition 
Physical vapor deposition (PVD) is the process by which atoms are physically removed 
from a surface with intention of relocating those atoms onto a desired substrate. There are many 
types of physical vapor deposition, such as laser ablation, evaporation, and magnetron sputtering. 
All forms of physical vapor deposition operate under the mechanism of imparting energy onto 
the surface of a sputtering target in order to exceed the materials surface binding energy, 
allowing for the removal of the target surface atoms.   
1.4 Magnetron Sputtering 
Magnetron sputtering is a PVD technique that utilizes an electric and magnetic field on top 
of a sputtering target. The electric field allows for ionization of the working gas in the vacuum, 
and following the ionization, the produced electrons are trapped in the magnetic field, allowing 
for a high electron density near the target and therefore, enhanced ionization efficiency. Once the 
working gas is ionized, it is then accelerated toward the sputtering target and imparts its energy 
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into the target material and can allow for the surface to receive enough energy to surpass the 
surface binding energy and remove surface atoms.  
The magnetron magnetic field is engineered to allow for a magnetic field parallel to the 
target surface, while the electric field is perpendicular. This allows for the electrons that are 
trapped in the magnetic field to also follow the ExB direction. The permanent magnets are 
designed to allow for a closed ExB path for electrons to follow [10] in order to increase the 
electron-gas collision probability, therefore increasing the number of ions incident on the target 
surface and the deposition rate. This electron hall current, created by the ExB drift of the 
electrons, can be seven times the discharge current in the case of an argon working gas [11]. 
Figure 1 shows the typical planar magnetron setup. 
Figure 1.1 – Typical magnetron sputtering set up with a copper target and an argon working gas 
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The region of the target where erosion occurs is dictated heavily by the target voltage and 
magnetic field strength. An increase in magnetic field strength parallel to the target surface 
narrows the target erosion zone, often called the racetrack, whereas an increase in applied target 
voltage broadens the erosion zone [12,13]. The magnetic field shape above the target also has a 
strong effect on the deposition rate, as has been seen in the unbalanced magnetron systems [14] 
as well as in the tripack magnet pack design [7]. 
DCMS is an effective method for reliable deposition, but lacks the necessary ion deposition 
flux needed for superior films and coatings. There are many ways to increase the ion flux to the 
substrate. These methods fall under the category of ionized physical vapor deposition (iPVD), 
where at least 50% of the deposition flux is ionized [15]. 
1.5 Ionized Physical Vapor Deposition 
The increase in ionized deposition flux is desired because ions incident on a substrate 
increase the adatom mobility through momentum transfer from the ions to the growing film. This 
allows for much better film quality [2]. Different films require different incident ion energies to 
grow optimal films. With iPVD, substrates can be biased to allow for controlled incident ion 
energy. Different materials have different surface binding energies, and with a bias on the 
substrate, the incident energy of the ions can be fine-tuned to match this energy, which leads to 
better density and film adhesion [16]. Better density and adhesion are desired in the tool coaters, 
automotive, and other similar industries to allow for increased wear resistance of coatings. 
Another major improvement of iPVD over PVD is the capability to control the ions 
direction by applying an electromagnetic field. Because the ions are charged particles, they are 
influenced by electromagnetic fields. In the microelectronics industry, iPVD is desired for the 
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deposition of barrier and seed layers in high aspect ratio trenches and vias. Directional deposition 
that is capable with iPVD helps to prevent overhang effects at the top of the feature. Even 
without an additional field applied in the processing chamber, ions have a much narrower 
distribution normal to the substrate surface when compared with the cosine distribution 
associated with neutral atoms in deposition [17]. This is due to the strong electric field over the 
substrate created by the sheath on the substrate influencing the ionized deposition flux. 
There are many ways to configure an iPVD chamber. Figure 2 shows a very simple setup 
that is commonly used where an additional plasma is added to the processing chamber. This 
second plasma ionizes the sputtered metal neutrals to allow for metal ions to reach the substrate 
downstream. A bias could then be applied to the substrate, or a sheath driven self-collimation can 
simply be used to directionalize the ion flux onto the substrate. It is important to create the 
second plasma with a particular gas such that the ionization potential is high than the sputtered 
Figure 1.2 -The schematic of a conventional iPVD chamber with an inductively coupled discharge plasma between 
the magnetron and the substrate [2] 
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metal ionization potential [18]. Some other advantages of iPVD are that the deposition 
temperature can be reduced [19] and the deposition flux can be channeled to specific locations 
on a substrate [20]. 
Many iPVD processes have multiple plasma sources, just like in Figure 1.2, or in order to 
directionalize neutrals, long thrown distances are used, or collimators are introduced. All of these 
methods to directionalize the deposition flux complicate the process and add geometrical 
constraints to the process. Other methods can be used to create an ionized deposition flux. One 
main way is by altering the power supply in order to apply high power densities for short pulses. 
1.6 High Power Impulse Magnetron Sputtering 
HiPIMS is an iPVD technique that is still up and coming, with substantial research still 
being carried out to allow for HiPIMS industrial implementation. HiPIMS applies high power 
pulses to the sputtering target at low duty cycles. The peak power densities can be as high as 
several kilowatts per square inch over a pulse duration from a few microseconds up to several 
hundred microseconds, at frequencies from a few Hz up to tens of kHz. Because the power 
densities are so high, it is important to keep the average power the same as in DCMS in order to 
keep the sputtering target from overheating or melting [21]. 
High power densities at the target allow for the plasma electron densities to have values as 
high at 1019m-3 [22], which in turn increases the efficiency of ionizing the sputtered material 
[23]. These very high electron densities in the magnetron plasma remove the necessity for a 
second plasma source to ionize the sputtered target material. In HiPIMS, many of the sputtered 
atoms that are ionized, are also accelerated back to the target, the same way that the ionized 
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working gas is accelerated to the target surface to initiate sputtering in the first place. This is a 
HiPIMS effect where the dominant sputtering mechanism is target material self-sputtering [24].  
Figure 1.3 shows a typical I-V trace for a linear magnetron. The electron confinement 
parameter is defined as n in this figure, where I = kVn. The confinement parameter is typically 
between 5 and 9, even up to 15 in some cases [25,26].  It is seen that at a certain point, at some 
voltage in HiPIMS, that the confinement parameter goes to a much lower value, where an 
increase in voltage does not warrant as much an increase in current as at lower voltages. At this 
point, the magnetron is in HiPIMS mode. 
There are many mechanisms that together cause the deposition rate to decrease in HiPIMS 
when compared to DCMS at the same average power, but there are a few specific reasons that 
are the main contributors. First, the ion species effect [5]. This effect states that the incident ion 
onto the sputtering target effects the sputtering yield. This effect is relevant because in HiPIMS, 
when rarefaction, the complete usage of working gas, occurs, self-sputtering is the dominant 
sputtering mechanism. The effective working gas in the process changes from argon to the target 
Figure 1.3 - DCMS Compared with HiPIMS I-V Traces 
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material in self-sputtering, changing the sputtering yield. Figure 1.4 shows different effective 
working gases on different target materials along with their associated sputtering yields. 
 The next major effect is the return effect. It is apparent that all of these effects are at least 
loosely related. Just as with the ion species effect, the sputtering target material ions are trapped 
in the electromagnetic trap at the target surface. The return effect simply states that there is a 
probability that an ionized sputtered atom will return to the target as opposed to being deposited 
onto the substrate, where it will contribute to the current as well as self-sputtering, and not the 
deposition rate. Figure 1.5 shows a way that a sputtered atom can be deposited or ionized, and 
then the ion can be deposited or return to the target [5]. 
 The last major effect is the yield effect. This is not the same as the ion species effect, but 
this effect is concerned with the yield as the applied target voltage changes. In HiPIMS, the 
Figure 1.4 - Sputtering Yield vs. Incident Ion Energy for different Incident Ion and Target Species 
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voltage is typically much higher than in DCMS. The sputtering yield does not scale linearly with 
the applied voltage, and as the voltage increases, the sputtering yield decreases slightly. 
Although the sputtering yield tends to increase as ion energy increases, when averaging over an 
entire cycle, there is a net decrease in deposition rate as the applied voltage increases. A 
reduction of about 30% has been seen with a copper target when the HiPIMS voltage was twice 
that of the DCMS voltage [5]. 
Additional effects can have an impact on the deposition rate, such as changing the magnetic 
field associated with the magnetron, or adding an additional magnetic source into the processing 
chamber. Unbalanced magnetrons, for instance, allow for the magnetic field lines to extend much 
further from the surface than with traditional balanced magnetrons. This allows for the plasma to 
extend out much further from the target surface, increasing the ionized deposition flux to the 
Figure 1.5 – Visual representation of the possibilities a sputtered metal atom has in a HiPIMS discharge [5] 
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substrate. In the case of altering the magnets in the magnetron, there have been multiple articles 
that have shown similar effects, increasing the deposition rate [1,4,7,8,27]. 
 
1.7 Previous Work 
1.7.1 Work Directly Leading to the Tripack 
The primary focus of this work is to alter the magnetic field in the sputtering magnetron by 
physically changing the arrangements of magnets in the magnet pack behind the target. This 
allows the plasma to expand out further from the target, and allows for the heavily confined 
electrons to escape sufficiently to allow the ions to diffuse to the substrate by ambipolar 
diffusion, increasing the deposition rate, but not so much as to harm the functionality of the 
magnetron.  
Figure 1.6 – Different tested magnetic field topologies, where the left and middle design were non-closed field lines, 
and the right arrangement, named the spiral arrangement, had closed field lines 
11 
 
The work carried out by Yu et al. [4] is particularly important because it is the first account 
of work that experimented with many magnetic configurations. In this work it is established that, 
despite the short on times of the HiPIMS pulse, closed field lines are essential to the operation of 
the magnetron. Figure 1.6 shows the different designs that were tested, where the “spiral” closed 
field design was the only one that was stable during operation, with plasma nearly uniform in the 
racetrack [4]. This work was all done on a 13-inch magnetron with a convenient magnet pack 
that allowed for simple removal and adding of magnets. The work done by Raman et al. [27], 
scales down this design from a 13-inch tool with removable magnets, to a 4-inch tool with 
permanent magnets.  
In this study, the downscale of the spiral pack is modeled, built, and tested. The model 
suggested that a large loss of electrons was going to be seen at one of the sharp turns of the 
magnetron. Is it seen that a large loss of electrons truly does hinder the general operation for the 
Figure 1.7 - Deposition rate at different average powers for the conventional and epsilon magnet packs 
12 
 
magnetron. A redesign of the magnet pack was carried out, and what is named the “epsilon” 
magnet pack was created and tested. The epsilon magnet pack had two racetracks, one on the 
outside, which resembled a standard magnetron racetrack, and one on the inside, which 
resembled the spiral magnet pack. This magnet pack showed an improvement in deposition rate 
over a standard magnet pack in HiPIMS, as is seen in figure 1.7. 
The work that followed from the epsilon magnet pack is the creation of the tripack, which 
had three regions of electron confinement, leading to three racetracks. The tripack design took 
the best qualities from the epsilon magnet pack and continue improving on them, such as the 
multiple racetrack design and open field lines, while attempting to correct the issues associated 
with it, such as different operation conditions for both racetracks. Figure 1.8 shows the 
deposition rates associated with the tripack and compares them with conventional magnet pack 
deposition rates [7]. 
Figure 1.8 - Deposition rates for the tripack and conventional magnet pack for titanium, carbon, and aluminum with 
DCMS and HiPIMS [7] 
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It can be seen that the tripack is capable of producing deposition rates greater than, or 
comparable to deposition rates produced by a conventional magnet pack in DC, while always 
being greater than conventional HiPIMS. In aluminum, the deposition rate is comparable to a 
conventional DC deposition rate, in carbon, the deposition rate is about equal, and in titanium the 
deposition rate is higher than conventional DC. It is important to note that the shaded regions of 
the deposition rate bar graph signify changing HiPIMS parameters while keeping the average 
power the same as DCMS. Figure 1.9 shows the study carried out by Raman et al. [7] where it is 
shown that changing the parameters in HiPIMS can have a significant effect on the deposition 
rate. The successes of the tripack on a 4-inch magnetron suggest that a magnet pack can be 
designed to allow for industrial implementation. The work of this thesis focuses on designing 
and testing an industrially relevant linear magnetron magnet pack for increased HiPIMS 
deposition rates 
Figure 1.9 -  Deposition rate vs. average power in HiPIMS for the tripack magnet pack. At 500W average power, 
different parameters are used and deposition rate changes with changing parameters. 
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In HiPIMS discharges, because the current is so high, there are sometimes electron 
“bunches” that form in the racetrack. These bunches can cause local electric fields on the surface 
of the target and can then cause surface arcs. In the work done on the Tripack v300, it was found 
that the counter rotating tripack Hall currents were able to keep these electron bunches from 
forming, decreasing the risk for arcing on the magnetron to occur in the HiPIMS mode. It is also 
seen that the racetracks in the Tripack v300 do not ignite at the same time, and also do not stay 
ignited at the same times, but the extinguishing of certain racetracks allows for the neutral gas to 
replenish in certain racetracks, minimizing the rarefaction of gas in this magnetic configuration. 
[40] 
1.7.2 HiPIMS Model to Explain High Deposition Rates 
The tripack v300 magnet pack has a much different magnetic field profile than conventional 
magnet packs. The influence of the different magnetic field on the plasma affects the plasma 
dynamics and therefore the deposition rate. The increase in deposition rate can be explained by a 
HiPIMS model that accounts for variations in the magnetic field.  Raman et al. [39] was able to 
modify a transport model for a standard magnetron in order to explain the different plasma 
dynamics. 
The gradient in the magnetic field parallel to the target surface with respect to distance from 
the target is a major consideration in the design of a magnet pack. The gradient being much 
steeper in the tripack allows for the plasma to be well contained over the target, but also allows 
for the distance away from the target for the high density plasma to be much smaller, allowing 
for diffusion effects to dominate closer to the target surface and allow for ions to escape the 
magnetic trap. 
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This model allows for a secondary expanding plasma to be considered. In the conventional 
magnet pack, this is not necessary, because the gradient in magnetic field is always small 
compared with the tripack. This means that there is not a significant downstream plasma effect. 
In the tripack on the other hand, there is an expanding plasma, allowing for ionization to occur, 
not only in the high electron density region by the target, but also in the expanding plasma, 
brought about by the magnetics of the tripack. Figure 1.10 shows the diagram used to explain 
these regions in Raman et al. [39] 
 
Figure 1.10 – Representation of the flux parameters as well as representation of plasma regions [39] 
 In figure 1.10, α, β and δ are the ionization probability in the highly confined plasma, the 
probability of a sputtered metal ion to return to the target, and the ionization probability in the 
expanding plasma, respectively. A model based off of this model is presented in the modelling 
section of this document.  
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1.7.3 Other Magnetic Field Design Work 
 There have been other studies that alter the magnetic fields in a sputtering magnetron 
system, with intention of investigating HiPIMS parameters. The first studies attempted to reduce 
the magnetic field strength in order to decrease the return effect of the ions back to the target. 
There was an increase recorded of up to a factor or 4.5 in deposition rate by solely decreasing the 
magnetic field strength when comparing with the typical high magnetic field strength magnet 
packs in magnetrons [42]. The results suggested that for low magnetic field configurations, the 
dominant effect is not only the return effect, but also the yield effect. Another account that also 
simply reduced the magnetic field found that a 33% decrease in magnetic field strength increased 
the deposition rate by a factor of 6 [43]. A slight decrease in magnetic field is used in the tripack 
design because of these studies. 
 Another major type of study that was carried out was the influence of a secondary 
plasma. iPVD often uses an additional plasma in a DCMS system, but the study done by J. 
Bohlmark et al. [44] looked at the influence in a HiPIMS system. This work found that up to an 
80% increase in deposition rate can be found with the addition of another ionizing medium. 
Types of work like this are the influence for the magnet pack design that allows for an expanding 
plasma that can also ionize additional neutrals.  
 Major downfalls of the low magnetic field studies are that although the deposition rate 
increased, so did the power, which means that there are multiple variables that were changed. 
Because confinement was much lower, much higher voltages were needed to produce 
comparable current densities. This also could explain why the yield effect was so prominent. To 
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properly study these systems and compare different magnet packs, the average power should be 
the same. The work done in this thesis compares magnet packs at the same average powers. 
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Chapter 2 – Experimental Setup 
 The work carried out utilized a vacuum system, finite element solver software, and 
different diagnostic tools. In this chapter, an overview of the vacuum system is described, with 
the power supplies and parts used defined. Also the finite element software that is used in this 
work is COMSOL Multiphysics at the visualization lab at the Beckman Institute for Advanced 
Science and Technology. Lastly, the diagnostic tools used in this work, such as the Langmuir 
probe and Gridded Energy Analyzer (GEA), are described in depth.  
2.1 The Galaxy Chamber 
 The vacuum chamber used for this work was the Galaxy chamber. The Galaxy chamber 
can be seen in figure 2.1. The primary means for pumping is by a rotary vane pump for roughing 
pressures, and using a turbomolecular pump for high vacuum base pressure applications, such as 
magnetron sputtering. The pressure is monitored by a convectron gauge at low vacuum, a 
capacitance monometer at the relevant working gas pressures in magnetron systems, and an ion 
gauge in high vacuum. The base pressure of the Galaxy experiment is 2 x 10-5 Torr. Figure 2.3 
shows the vacuum vessel used for this work, which is a subchamber of the Galaxy tool. 
 In the Galaxy chamber, a Kurt J. Lesker 5x10 inch linear magnetron is used, as can be 
seen in figure 2.2. This is a compact linear magnetron, chosen because of its ease of 
extrapolation over longer cathodes. The magnetron is rated for up to 250 watts per square inch 
with maximum direct water cooling [28]. Because the power densities that are used will be much 
lower than 250 watts per square inch, and an industrial magnetron is necessary to test an 
industrially relevant magnet pack, this magnetron was chosen. 
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        Figure 2.3 – The sub-chamber of the GALAXY tool used for this work 
Figure 2.1 – The Galaxy Chamber 
Figure 2.2 – Kurt J. Lesker 5x10 Linear Magnetron 
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The sputtering magnetron requires a DC magnetron power supply, as well as a HiPIMS 
power supply to properly compare the two methods of deposition. The DC power supply that is 
used is an Advanced Energy Pinnacle Series DC Magnetron Power Supply. The power supply 
has a 20kW power limit, a 50A average current limit, and a 1kV average voltage limit with a 
1800V plasma striking pulse. Figure 2.4 shows the specific current limits for specific operating 
voltages. 
 The HiPIMS power supply that is used for this work is the Huttinger Truplasma 
Highpulse 4002. The capacitor bank in the power supply has four separate sections, allowing for 
the DC supply to charge each of them simultaneously. The pulse generator that communicates 
Figure 2.4 – Operating limitations of the Advanced Energy Pinnacle Power Supply [29] 
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with the main control circuit in the DC supply uses semiconductor switches and freewheeling 
diodes. There is also an impedance matching circuit that has the primary role of shaping the 
current pulse to the cathode. This power supply is capable of average powers up to 10kW, 
voltages up to 2kV, and currents up to 1kA. The pulse length and frequency capabilities are from 
1 to 200 microseconds pulse time and 2 to 500 Hz, respectively. Typical voltage and current 
pulses for this power supply are seen in section 4.1. 
2.2 Diagnostic Tools 
 A variety of diagnostic tools are used in this work. Basic electronic parameters, such as 
voltage and current need to be monitored on a time dependent basis. The deposition rate is the 
main drive for the research, therefore multiple diagnostic tools are temporarily used to validate 
results, and then a single method is carried out following the validation. Plasma parameters are 
also of importance. A single Langmuir probe, a triple Langmuir probe, and a gridded energy 
analyzer are used to measure plasma parameters. All mentioned tools are further discussed in this 
section. 
2.2.1 Quartz Crystal Microbalance 
 A quartz crystal microbalance (QCM) is a tool that is capable of measuring a deposition 
thickness, or deposition rate at very high resolutions [30]. A QCM uses a crystal with metal 
electrodes on opposite ends of the crystal that measures the resonant frequency that the crystal 
oscillates at. Many parameters can change the oscillation frequency, such as the temperature and 
the mass on the crystal. When a change in mass is recorded on the crystal, the frequency shift is 
measured across the electrodes [31] and the shift is directly correlated to the deposition thickness 
by the atomic weight of the material deposited.  
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 Because there is also a thermal influence on the resonant frequency, a QCM with two 
crystals is used. One crystal is open to the deposition, while the other is covered, as to shield it 
from the plasma. It is assumed that both QCM crystals ae at the same temperature, and then the 
shielded QCM reading is subtracted off of the unshielded QCM reading to eliminate thermal 
interference. The final major consideration when measuring thickness when using a dual QCM 
setup is to be certain that the signal cables are shielded appropriately to minimize 
electromagnetic noise from the plasma process. 
2.2.2 Gridded Energy Analyzer  
 A major reason for the demand of HiPIMS processes is the increase in ion flux to the 
substrate. A tool to determine the fraction of ions vs. total target atoms that reach the substrate is 
the gridded energy analyzer-QCM tool as described in [32]. When working in iPVD systems, 
careful design considerations must be taken and have been implemented in Meng et. al. [33]. 
Figure 2.5 shows the design that was used in this work. 
 The top grid, subject to the floating potential of the plasma, is used to stop plasma 
penetration into the device. Then the middle grid, named the electron repeller grid in figure 2.5, 
is biased to a sufficiently high negative potential to repel the high energy electrons. Lastly, the 
Figure 2.5 – Gridded Energy Analyzer Setup used in this work. [34] 
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bottom grid, designated as the ion repeller grid in figure 2.5, has the role of either repelling or 
attracting ions. Under the triple grid setup, there is a QCM to measure the deposition rate of 
metal atoms that pass through the grids.  
A geometry factor must be considered when measuring deposition flux with a GEA. The 
QCM is at the bottom of a narrow well, with three grids in between the crystal and the tool 
opening.  
 To repel ions, the bottom grid is biased to a sufficiently high positive potential, and to 
attract all ions, the bottom grid is biased to a sufficiently high negative potential. To determine 
what constitutes sufficiently high, a simple voltage sweep is carried out, where deposition rate is 
measured at each applied bottom grid bias. At the negative bottom grid bias side, as the voltage 
decreases, the deposition rate increases because of the increase in ions being attracted to the grid, 
and therefore the QCM. Once the deposition rate levels off, the voltage is considered sufficient, 
where that deposition rate is the total metal flux, consisting of ions as well as neutrals. At the 
positive applied bottom grid voltages, as the voltage increases, the deposition rate decreases and 
at the voltage where the deposition rate levels off, the positive applied voltage is considered 
sufficient. This is the deposition rate of metal neutrals. With the neutral atom deposition rate and 
the ion plus neutral deposition rate known, the ion fraction can be simply calculated. The 
equation is simply: 
Ion Fraction =
 𝐼𝑜𝑛 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
𝐼𝑜𝑛 + 𝑁𝑒𝑢𝑡𝑟𝑎𝑙 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
 
 Figure 2.6 shows the raw data biasing curve that was used for this experiment. This curve 
was made at a 5kW, much closer to the target than the substrate, in order to be sure that both 
values will be high enough at the substrate, where a lower ion fraction is expected. The leveling 
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off is seen for both the left hand side at negative biases, as well as the right hand side at positive 
biases. It is seen that by -120V all ions are collected and at +80V, no ions are collected. These 
are the values for the bottom grid that are used in this work. 
 
Figure 2.6 – The GEA biasing curve used to determine appropriate biases for the bottom grid 
The GEA tool utilizes a QCM that is in an alumina body, making geometric corrections 
necessary for the ions and neutrals. The ions that arrive at the sensor are all directional due to the 
sheaths electric field. The neutrals, on the other hand, are not affected by the sheath. The 
geometric factor is used to account for the neutral atoms not having entirely normal incidence. 
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The assumption is that there are no collisions in the sensor and that the neutrals have a cosine 
distribution. Figure 2.7 shows a schematic of the described situation. 
 
Figure 2.7 – Schematic of the GEA with the half angle labeled for the neutral atom contribution to the flux 
 For the GEA sensor used, the half angle is defined as 𝜃𝐺 = tan
−1(
𝑟
𝑙
) = 𝑡𝑎𝑛−1(
0.55
0.72
)=
37.38°. The geometric factor then defined as the ratio of the solid angle for neutral atoms seen 
from the bottom of the GEA, where the measurement is taken, compared with the half angle. The 
final equation for the geometric factor is : 
𝐺 =
∫ 𝑑𝜑
2𝜋
0
2 ∫
cos 𝜃
𝜋  sin 𝜃 𝑑𝜃
𝜃𝑚𝑖𝑛
0
∫ 𝑑𝜑
2𝜋
0
2 ∫
cos 𝜃
𝜋
 𝜃𝐹
0
sin 𝜃  𝑑𝜃
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 The variable 𝜃f  is the angle from the center of the sensor to the half target width. Figure 
2.8 shows this well. Lastly, 𝜃𝑚𝑖𝑛 is the smaller of the half angle of the sensor and 𝜃f, which 
accounts for the limiting geometrical factor.  
 
Figure 2.8 – The important angles for the geometry factor in the GEA diagnostic tool 
 For the GEA experiments conducted, 𝜃f  is roughly 36° and the GEA half angle was 
shown to be 37°. The 36° is calculated by the racetrack outer width on the magnetron being 4.5 
inches and the distance to the substrate being 4 inches. Because 𝜃𝑚𝑖𝑛 = 𝜃f, the geometry factor 
for this setup is simply 1 because the throw distance is sufficient with the GEA design used and 
the target specifications used. 
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2.2.3 Triple Langmuir Probe 
 The triple Langmuir probe is a diagnostic tool used to measure time dependent plasma 
parameters, such as the electron temperature and electron density. This probe is designed and 
well-studied [35], and simply consists of three tungsten wires that are located in the plasma at 
approximately the same position. The ability of the triple Langmuir probe to take time dependent 
measurements is due to the lack of a necessary voltage sweep as is needed in a single Langmuir 
probe. This is possible because only three points are needed on the IV curve taken for a 
Langmuir probe to approximate plasma parameters. These three points are seen in figure 2.9. 
 Three points are taken on a Langmuir probe IV trace, and can then be used to 
approximate the electron temperature. The voltages collected are V2, the floating potential, V3, 
negative when compared to V2, and V3, positive when compared with V2. The major 
Figure 2.9 – Langmuir probe IV trace with voltages measured by a triple Langmuir probe shown. 
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assumptions are that the plasma is Maxwellian in nature, the sheath around the probe tips are 
collisionless and sufficiently thin, and that there is not a significant magnetic component in the 
plasma. Figure 2.10 shows the basic circuit diagram used to measure the relevant time dependent 
voltages.  
 
 
 The electron temperature can be found with the following equation [35,37]: 
 
And the electron density can be found with the following equation [37]: 
Figure 2.10 – Basic triple Langmuir probe circuit diagram [36] 
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 It is very important that it is known that the probe will only pick up the high energy 
electrons, and because the electron distribution is assumed to be Maxwellian, the electron 
temperature measurement will always be slightly higher than the true value. Studies have shown 
[38] that the HiPIMS plasma in non-Maxwellian in the very beginning of the pulse, but is 
Maxwellian for the later part of the pulse. This allows for accurate temperature measurements at 
the end of the pulse, but not the beginning.  
The battery voltage that is used in this work is 36V for the highly confined plasma region 
and 45V for the substrate region as to keep the battery voltage several times larger than the 
expected electron temperature in eV [41]. A larger battery voltage is used at the substrate region 
because there is an expected lower density and higher temperature in that region. Because the 
error in triple Langmuir probe is almost entirely due to the bias voltage, this careful 
consideration was taken. As the electron temperature approaches half of the bias voltage, the 
error becomes relevant. In this work, the electron temperatures measured with a TLP do not 
exceed 10 eV, making the battery voltage at least a factor of 4.5 higher than the electron 
temperature to minimize the error in this measurement, without breaking down a plasma between 
the probe tips.  
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Chapter 3 - Modelling of the Linear Tripack Magnet Pack 
3.1 COMSOL Modelling 
 The majority of the modelling carried out in this work was done using COMSOL 
Multiphysics Finite Element solving software at the Imaging Technology Group in the Beckman 
Institute for Advanced Science and Technology. The major parameters of interest when 
modeling a magnet pack for a magnetron are the magnetic field strength, the magnet field line 
profiles, and the ability of the magnet pack to confine electrons. All of these parameters are 
found using COMSOL Multiphysics. 
3.1.1 Standard Magnet Pack Modelling 
 The first step that must be taken is to model a known magnet pack to confirm that the 
modelling software and procedure are trustworthy, as well as to have another magnet pack to 
compare results with. For convenience as well as for relevance, a standard magnet pack was 
modelled. Figure 3.1 shows the magnetic field strength parallel to the target surface in Gauss, on 
the target surface plane for a standard magnet pack 
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Figure 3.1 Magnetic field strength on the target surface for a standard 5x10 inch magnetron magnet pack. 
 In order to quantify the magnitude of the total field strength, the x and y component, the 
simple equation 𝐵|| = √𝐵𝑥2 + 𝐵𝑦2 is used. The immediate results make sense because the fields 
would allow for an ExB drift that would enclose itself. Because the ExB drift would require that 
one half of the target to have opposite field strength, figure 3.2 is created, and shows that a negative 
field is truly modeled. Figure 3.2 shows the magnetic field profile and magnetic field strength 
across the centerline width of the magnetron.  
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Figure 3.2 – Magnetic field strength and lines for the standard magnet pack 
 The fields in the conventional magnet pack extend very far from the target surface and do 
indeed allow for the ExB drift to close in on itself on top of the target. An electron particle trace 
can be run to see how the electrons are confined in the conventional magnet pack. Figure 3.3 and 
3.4 show the trajectories of electrons that are emitted from the target surface, evenly across the 
centerline width of the target surface. Conditions for the simulation are as follows, 1000 
particles, 1 microsecond of runtime, electron-electron coulomb collisions are considered, 10mT 
argon, and an artificial voltage drop of 85% is given to the simulation 1mm off of the target to 
simulate a sheath that the electrons accelerate through. 
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Figure 3.3 -  Electron trajectories for the standard magnet pack 
 It is clear that the electrons followed the expected ExB drift, and it is seen that no 
electrons escape the magnetic trap over 1 microsecond. This is not surprising because the fields 
are strong and are responsible for the high electron density near the target in the magnetron 
plasma. Because there are no electrons that escape, and there is a large negative voltage applied 
to the sputtering target, there is a high chance that sputtered atoms that get ionized will return 
back to the target.  
 A 2-D simulation is run at the centerline width to visualize the electron trajectories at a 
smaller time step between points. Figure 3.4 shows the results over 1 microsecond. It is seen that 
as is expected, the electrons have no path of escape and continue to be a heavy influence on the 
return effect, hindering the deposition rate in HiPIMS. It is seen that every electron that is 
released is influenced by the fields, and even electrons 2 inches above the target are trapped. 
34 
 
 
Figure 3.4 – 2-D electron trajectories for the standard magnet pack 
3.1.2 Linear Tripack Magnet Pack  
 Initially, the linear tripack magnet pack was designed without economic constraints. The 
best design was found and can be seen in figure 3.5. This was the first iteration of design for the 
linear tripack magnet pack. The fields were all quire uniform and strong. In order to confirm that 
the model works, a Gaussmeter was used to measure the fields. At the maximum field strength, 
670G was experimentally found, where the model suggested a peak of 701G. Realistically, the 
magnet shapes and strengths were uneconomical and would need to all be special ordered. To 
keep the price of the design reasonable, bulk magnets were used to model with and became the 
major constraint for the design. 
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Figure 3.5 – First iteration of the linear tripack magnet pack magnetic field strength parallel to the target surface 
The more economical magents that are used are standard N42 and N52 magnets that are 
0.5” tall and 0.5” wide for various lengths. Figure 3.6 shows the geometry of this magnet pack as 
well as the direction and strength of the magnets used. This is the geometry for the linear tripack 
Figure 3.6 – Linear tripack magnet pack design with magnetic field strength and direction specified 
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magnet pack. Figure 3.7 shows the magnetic field topology on the target surface for the linear 
tripack magnet pack. This result assumes a 0.5” copper target.  
 
Figure 3.7 – The magnitude of the magnetic field strength at the target surface, parallel to the target surface 
 The linear tripack magnet pack magnetic field topology shows a similar amount of 
uniformity that the previous iteration showed. The field strengths are comparable to those seen 
for a 0.5” target using the standard magnet pack. The minimum magnetic field strength on an 
erosion zone is 450G and the maximum, 670G for the linear tripack magnet pack, whereas the 
standard magnet pack has a minimum of 470G and a maximum of 700G. The 2-D magnetic 
fields and their corresponding strengths are seen in figure 3.8 at the centerline width of the 
magnetron. The fields are seen as alternating in direction, suggesting that the ExB direction is 
opposite for neighboring racetracks. 
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Figure 3.8 – 2-D cross section of the magnetic field strength and direction of the linear tripack magnet pack 
The 3D electron trajectories at the same conditions as with the standard magnet pack are 
seen as figure 3.9, clearly showing that the electrons travel in the expected ExB directions. This 
shows that the electrons are confined well enough to allow for standard operation of the 
magnetron, but these results do not show how well the magnet pack allows for electrons to 
controllably escape the magnetic trap, allowing for a decrease in the ambipolar electric field and 
an increase in ions diffusing to the substrate by ambipolar diffusion. 
38 
 
 
Figure 3.9 – Electron trajectories for the linear tripack magnet pack at (left) 10 nanoseconds, and (right) 100 
nanoseconds 
 Figure 3.10 shows the 2-D electron trajectories over 1 microsecond with all of the same 
physics applied as with the standard magnet pack. This view allows for the visualization of the 
electrons’ path of escape along the racetrack. This view shows that unlike with the standard 
magnet pack, the electrons in the tripack magnet pack are capable of escaping the magnetic trap 
and contributing to the ambipolar diffusion of ions to the substrate. 
 
Figure 3.10 – 2-D electron trajectories of the linear tripack magnet pack along the centerline width of the magnetron 
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3.2 Magnetic Field – HiPIMS Program  
 The linear tripack magnet pack has a magnetic field profile that is completely different 
than the standard magnet pack. This allows for electrons to find a path of escape in the magnetic 
trap, and also allows for the plasma to expand further out into the system away from the target. A 
program was written to allow for better understanding of electron transport and ionization in the 
deposition system. Raman et al. has investigated a very similar system and was able to find the 
ionization probabilities, diffusion coefficients, and plasma speeds for different magnetic field 
topologies [39]. The primary goal of this program is to allow for additional verification that the 
proposed COMSOL model can work in a physical magnetron and increase electron leakage. 
 First and foremost, a conceptual understanding of plasma regions must be specified. 
Raman et al. [39] added an additional term to the HiPIMS diagram seen in Anders [5]. Figure 
3.11 shows the comparison between the original and modified transport figure. In figure 3.11, α 
is the ionization probability in the near target, highly confined plasma, β is the probability of an 
ion to return to the target, γ is the sputtering yield, and δ is the additional term for ionization 
probability in the expanding plasma, as opposed to the highly confined plasma. This new model 
accounts for additional ionizations that were not accounted for in Anders [5]. 
 The model created by Raman et al [39] is used for the linear Tripack magnet pack, where 
the only changes are geometrical, and the magnetic field strength input for the magnet pack. For 
these relevant parameters in this program, the main input is the magnetic field strength as a 
function of distance from the target. Figure 3.12 shows the magnetic field as a function of 
distance from the target. The magnetic field strength as a function of distance is much different 
for the tripack and the standard magnet pack because the tripack magnet pack field strength 
drops off much faster than the conventional magnet pack does. The conventional magnet pack 
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positions seen in figure 3.12 are simply half an inch to the left of the peak magnetic field 
position, the peak magnetic field position, and half an inch to the right of the peak magnetic field 
position, and the tripack magnet pack positions used are at the peak magnetic field strength 
positions of each confinement region. 
Figure 3.11 – The comparison between a.) the original schematic for the basic HiPIMS sputtered atom situation and 
b.) the modified HiPIMS model with ionization occurring in the near target plasma, as well as the expanding plasma 
Figure 3.12 – Magnetic field strength as a function of distance from the target 
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 Using the same techniques as are laid out in Raman et al. [39], the α, β, and δ terms can 
be found by solving a simple system of linear equations. Table 3.1 shows these values of interest,  
proving the necessity of an additional ionization term to allow for the solution. The expanding 
plasma ionization term is about the same probability as is seen in the high density plasma,  
therefore showing the importance of its addition to the HiPIMS model.  
The other outputs of the program are simple calculations that help to prove the reason for 
the increased deposition rate. Figure 3.13 shows the larmour radius as a function of distance 
 Tripack Conventional Pack 
Alpha 0.21 0.96 
Beta 0.99 0.99 
Delta 0.18 - 
Table 3.1 - Alpha, Beta, and Delta values for the tripack and the conventional magnet pack 
Figure 3.13 – Larmour radius as a function of distance from the target for the conventional and tripack magnet packs 
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from the target, given the magnetic field strength profile. When comparing the tripack with the 
conventional magnet pack, it is seen that the tripack electrons’ larmour radius reaches the mean 
free path much closer to the target, allowing for electrons to diffuse out of the trap much easier, 
even without a simple path of exit implemented into the magnetic field design. 
 Ambipolar diffusion of ions to the substrate in the HiPIMS discharge is the major factor 
that allows for the increased deposition rate. Figure 3.14 shows the ambipolar diffusion 
coefficient as a function of distance from the target surface. It is seen that the tripack magnet 
pack has a substantially larger diffusion coefficient than the conventional magnet pack does at all 
distances away from the target. This causes there to also be a faster plasma speed expanding 
outward from the target in the tripack magnet pack, and in this expanding plasma, there is a not 
negligible amount of ionization occurring outside of the magnetic trap, increasing the ionization 
flux to the substrate. Figure 3.15 shows that the plasma speed is higher for all distances in the 
tripack.  
Figure 3.14 – Ambipolar diffusion coefficient as a function of distance from the target for the tripack and the 
conventional magnet pack 
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Figure 3.15 – Average plasma speed for the conventional and the tripack magnet pack 
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Chapter 4 - Experimental Results 
4.1 Magnetron Operation 
 The tripack magnet pack was designed and built. After installation, some basic operation 
parameters and observations are noticed. First, as is seen in figure 4.1, the tripack magnet pack’s 
three erosion zones are not equally lit up over the relatively long period of time that our eyes 
average over. In fact, in DCMS operation, there seems to be no inner racetrack at all. This could 
definitely harm the deposition rate of this magnet pack, but the magnetic fields should not be 
altered, and an increase in ion fraction to the substrate should still be observed. 
 
Figure 4.1 – A picture of the magnetron plasma for the (left) linear tripack magnet pack and (right) the standard 
magnet pack 
 The current and voltage waveforms are seen in figure 4.2 for 1.5kW. The first major 
observation is the difference in voltage and current magnitude between the two magnet packs. 
The tripack magnet pack has a higher voltage and a much lower peak current when compared 
with the standard magnet pack. The lower current is due to a decrease in the electron density in 
the plasma because the magnetic trap is less intense. Next, we notice that the voltage waveform 
does not suffer from a decrease over time for the tripack magnet pack, where the standard 
magnet pack does. The parameters for both magnet packs were only changed by adjusting the 
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voltage. The pulse width is 100 microseconds with a frequency of about 320Hz, where the 
frequency can be fine-tuned for discharge stability, while using a copper target. The power is 
calculated as the integral of the voltage times the current over one pulse cycle, all divided by the 
time of one pulse cycle. Even with the tripack magnet pack only producing 35 amps when 
compared with the conventional pack’s 230 amps, that is still a substantial amount of current, as 
is expected in the HiPIMS discharge. When running DCMS, the conventional pack runs 1.5kW 
at 445V and 3.4A and the tripack runs at 600V and 2.5A. 
 
Figure 4.2 – Voltage and Current waveforms for the standard and linear tripack magnet packs. 
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  The voltage-current plot can tell a lot about a system. The standard magnet pack and the 
tripack magnet pack IV plot is seen in figure 4.3. It is seen that the standard magnet pack IV 
trace follows he expected trends and because I=Vn, where n is the confinement parameter, a 
simple fit to the plot can be carried out to find how well the electrons are confined. The standard 
magnet pack in the DCMS mode showed a confinement parameter of n = 5, which is well within 
the standard confinement parameters [26]. On the other hand, the linear tripack magnet pack was 
found to have a confinement parameter of n = 3. This result suggests again, that there is a 
controlled amount of electron loss that allows for addition ion flux to the substrate.   
 It is seen that there is a very steep part of the IV curve in the high voltage parts of the 
curves. This is the part of the magnetron operation where the secondary electrons are no longer 
able to be trapped in the magnetic field of the magnetron. This is because the electrons are 
Figure 4.3 – Conventional and linear tripack magnet packs’ IV traces 
n = 6 
n = 3 
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increasing in energy as the voltage increases, and at a certain energy, the magnetic fields are not 
strong enough to pull the electrons back to the target. 
4.2 Deposition Rates and Uniformity 
 The driving force for this research is to allow for industrial implementation of HiPIMS. 
The biggest issue with HiPIMS is the intrinsically low deposition rate that it provides. This 
section shows the deposition rates and deposition uniformity. A major issue with using a QCM in 
HiPIMS systems is that the QCM can be influenced by the electronic interference in a HiPIMS 
process. To measure the deposition rate, a mass change was carried out, and the mathematical 
process is seen below. 
𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
∆𝑀[𝑔]
𝐴𝑑𝑖𝑠𝑐[𝑐𝑚2]𝜌𝐶𝑢 [
𝑔
𝑐𝑚3
] 𝑡[𝑠]
1 × 107 [
𝑛𝑚
𝑐𝑚
] 
𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
∆𝑀[𝑔]
𝜋(1.1125)2[𝑐𝑚2]8.96 [
𝑔
𝑐𝑚3
] 𝑡[𝑠]
1 × 107 [
𝑛𝑚
𝑐𝑚
] 
𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 2.877 × 105
∆𝑀|𝑔
𝑡|𝑠
[
𝑛𝑚
𝑠
] 
 The experimental setup for the deposition rate measurements can be seen below in figure 
4.4, where the substrate is 4 inches away from the target surface, and only one quadrant of the 
substrate was mapped, with the assumption that the symmetry of the magnet pack would allow 
for the same profiles in each quadrant. Each of the grey circles is a 316 stainless steel sample that 
each are a deposition rate point that the deposition mass change is recorded on. 
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Figure 4.4 – Deposition rate experimental setup 
 The initial results were taken along the centerline width and the centerline length of the 
substrate. Figure 4.5 shows the deposition rates for 1.5kW. The tripack deposition rates show 
that there is indeed an increase in HiPIMS deposition rate, both across the width as well and the 
length of the substrate. Interestingly enough, the deposition rate of tripack HiPIMS is higher than 
the deposition rate for DC standard magnet pack. 
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 Figure 4.6 shows the deposition rates for the DCMS and HiPIMS modes using the linear 
tripack magnet pack and the standard magnet pack at 3.2 kW. The method to increase the power 
was by simply increase the voltage, and not by changing any of the other operation parameters. 
Again, it is seen that the linear tripack magnet pack produces deposition rates that are higher than 
the standard magnet pack in HiPIMS, though the deposition rates of the tripack in HiPIMS are 
not larger than those in DCMS using the standard magnet pack, as was seen in figure 4.5. 
Figure 4.5 – 1.5kW deposition rates for the standard and linear tripack magnet pack for DCMS and HiPIMS 
Figure 4.6 – 3.2kW deposition rates for the standard and linear tripack magnet pack for DCMS and HiPIMS 
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There is error in these measurements, and the error is derived below. The error example 
that is shown is for the tripack HiPIMS 1.5kW deposition rates. It is seen that the error is less 
than 0.09 nm/s. This is insignificant on the scale of the minor ticks on the plot, and also fits well 
within the confines of the data markers in figures 4.5 and 4.6. 
𝜎𝑓 = √(
𝑑𝑓
𝑑𝑎
)
2
(𝜎𝑎)
2 + (
𝑑𝑓
𝑑𝑏
)
2
(𝜎𝑏)
2 
 
𝜎𝑓 = 𝐶√(
𝜎∆𝑀
𝑡
)
2
+ (
∆𝑀
𝑡2
)
2
(𝜎𝑡)
2 
0.085
𝑛𝑚
𝑠
= 287686√(
0.0005√2
2400
)
2
+ (
0.039
24002
)
2
(2)2 
 Where  
 
𝜎∆𝑀 =  √12𝜎𝑀
2
+ (−12)𝜎𝑀
2
= √2𝜎𝑀2 = √2(0.0005)2 = 0.707𝑚𝑔 
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There was more data received than just the centerline deposition rates. The deposition 
uniformity can be seen by plotting the deposition rates across the entire substrate. Figure 4.7 
shows the deposition rates on the entire substrate. On the right hand side, the tripack magnet 
pack deposition rates are plotted, where the standard magnet pack is on the left. Also, on the 
upper plots, DCMS deposition rates are plotted, and on the bottom, the HiPIMS deposition rates 
are plotted. It is seen that the tripack HiPIMS has the largest and most uniform deposition rates at 
1.5kW. 
Figure 4.7 – Deposition rates on the substrate 4 inches away from the target surface for DCMS and HiPIMS at 1.5kW 
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 Additionally, the same amount of data was taken for 3.2 kW. Figure 4.8 again shows the 
deposition rates on the substrate. For 3.2kW, there is a larger difference in the uniformities 
between magnet packs. The tripack magnet pack has much better uniformity along the long axis 
than the standard magnet pack has.   
 The deposition rates seen in the linear tripack magnet pack in the HiPIMS mode are 
larger than the deposition rates in the standard magnet pack in the HiPIMS mode. This is the 
primary goal of this work and it was successful for the two powers that were tested. The 
uniformities seen are generally inconclusive on which magnet pack has better uniformity, but the 
tripack uniformity seems to be much better, especially at 3.2kW, where the maximum deposition 
Figure 4.8 - Deposition rates on the substrate 4 inches away from the target surface for DCMS and HiPIMS at 3.2kW 
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rate is seen across most of the substrate, as opposed to only in the centerline width in the 
standard magnet pack. 
4.3 Plasma Parameters 
 The plasma parameters that are a byproduct of the magnetic field design from the magnet 
pack are not necessarily the most important information from this work, but the plasma 
parameters can explain the reasoning for the increased deposition rate. The electron densities at 
the substrate are expected to be greater for the linear tripack because of the smaller confinement 
parameter, and the ion fraction is also expected to be greater in the linear tripack than the 
conventional magnet pack. These parameters play the role of validating the hypothesis that an 
increase in electron loss in the magnetic trap allows for an increase of ions to the substrate by 
ambipolar diffusion. 
4.3.1 Ion Fraction 
 The ion fraction at the substrate is defined as the metal ion flux to the substrate divided 
by the total metal flux, including ions and electrons. The decrease in the confinement parameter 
allows for the release of more electrons away from the target, which in theory allows for a 
decrease in returning ions to the target. The ion fraction is measured using the gridded energy 
analyzer QCM setup. Figure 4.9 shows the results from the ion fraction measurement at three 
powers for the conventional magnet pack and the linear tripack magnet in DCMS and HiPIMS. 
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Figure 4.9 – Ion fraction as a function of power for the tripack and conventional magnet pack in DCMS and HIPIMS 
The ion fractions seen in figure 4.9 shows that the tripack produces a substantially higher 
ion fraction when compared with the conventional magnet pack. The intention of the tripack is to 
increase this quantity in the HiPIMS mode, and that is seen. Not only is the ion fraction higher in 
HiPIMS for the tripack, but it is also consistently higher in DCMS, which shows that even in 
DCMS, a higher ion flux can be achieved with a different magnet pack due to additional electron 
leakage, reducing the electric field and pulling ions out of the magnetic trap by ambipolar 
diffusion. Another important observation is that, if the magnetron limitations allowed it, at higher 
powers, the ion fraction would continue to increase for all situations. This result continues to 
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suggest that the magnetic field design of the tripack allows for the return effect to play less of a 
role in hindering deposition rate. The ion fraction at 3.2kW is calculated below as an example. 
  
The ion plus neutral deposition flux is found to be 1.63 × 10−4  
𝑘𝐴
𝑠
 and the neutral flux is 
found to be 1.05 × 10−4  
𝑘𝐴
𝑠
. Therefore, the ion flux is found to be the subtraction of the two, 
5.8 × 10−5  
𝑘𝐴
𝑠
. The ion fraction is then simply the ion flux divided by the total copper flux 
which ends up equaling 36% ion fraction. 
There is some error associated with the ion fraction measurement. The data collection of 
the neutral and ion deposition rates has intrinsic error, then the equation to solve for the ion 
fraction also has error associated with it, due to the errors in the measurements. Error is 
propagated and the quick derivation is seen below, with the Tripack HiPIMS 3.2kW error 
calculated as an example. The basic error propagation for a two variable equation is: 
𝜎𝑓 = √(
𝑑𝑓
𝑑𝑎
)
2
(𝜎𝑎)
2 + (
𝑑𝑓
𝑑𝑏
)
2
(𝜎𝑏)
2 
 
And the ion deposition rate is the subtraction of two deposition rates, which are defined as d, 
seen below: 
 
𝐶𝑢+𝑑𝑒𝑝 𝑟𝑎𝑡𝑒 = (𝐶𝑢+ + 𝐶𝑢0)𝑑𝑒𝑝 𝑟𝑎𝑡𝑒 − 𝐶𝑢0 𝑑𝑒𝑝 𝑟𝑎𝑡𝑒 
= d− − d+ 
𝜎 (𝐼𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛) = √(
d+
(d−)2
)
2
(𝜎d−)2 + (
1
d−
)
2
(𝜎d+)2 
𝐼𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐶𝑢+
𝐶𝑢+ + 𝐶𝑢0
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𝜎 (𝐼𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛)
= √(
1.05 × 10−4
1.63 × 10−4)2
)
2
(8.5 × 10−6)2 + (1.63 × 10−4)2(7.4 × 10−6)2 
= ± 3.5 % 𝑒𝑟𝑟𝑜𝑟 
 
4.3.2 Triple Langmuir Probe 
 The triple Langmuir probe diagnostic tool is different from the typically used single 
Langmuir probe in that it is capable of time resolved measurements. The electron density and 
electron temperature are measured over the HiPIMS pulse and shortly after the pulse. 
Measurements are taken for both the near target, highly confined, plasma at 0.5 inches from the 
target, as well as at the substrate, 4 inches away from the target. Figures 4.10 and 4.11 show the 
electron temperature and density measurements at the substrate and at the target, respectively, 
with the scales of both the figures identical for ease of comparison. 
Figure 4.10 – Electron temperature and electron density measurements at the substrate 
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In figure 4.10, the voltage and the current waveforms are overlaid with dotted lines for 
better understanding of where in the pulse the measurement was taken. As the voltage increases 
abruptly in the beginning of the pulse much higher than the set voltage for ignition, the 
temperature peaks because of the high energy electrons that are coming off of the target and 
accelerating toward the substrate. Keep in mind that the temperature was measured using a 45V 
bias, so any measurement that is over about 10 eV has increasing error associated with it because 
the voltage bias is not several times larger than the temperature at that point. At this point, the 
density is extremely low because only the high energy tail has reached the probe 4 inches away. 
During the pulse, we notice that the density is increasing, and the temperature is decreasing. This 
is expected because the lower energy electrons are now reaching the probe and more collisions 
are occurring, bringing down the temperature. At the end of the pulse, an equilibrium is seen in 
the density and temperature for about fifty microseconds, where the density is at its highest, 
Figure 4.11 -  Electron temperature and electron density measurements at the target 
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about 1.7E19 m-3, and the temperature is about what is expected for such a high density, between 
1 and 2 eV.  
Figure 4.11 shows the electron temperature and electron density 0.5 inches from the 
target. The traces all have the same general trend as with the measurements at the substrate with 
a few important differences. The temperature does not spike as high in the beginning of the pulse 
because the probe is much closer to the electron “source”, namely the target, meaning that the 
low energy electrons reach the probe quicker than in the case of the measurement at the 
substrate. This allows for the density profile to reach its equilibrium much sooner as well, and at 
a density about a factor of two higher than at the substrate, which is expected because this is the 
high confinement plasma, as opposed to the expanding plasma. The equilibrium temperature is 
around 2 eV and the equilibrium density is about 3.2E19m-3, which is on the order of what is 
expected for the high confinement plasma in a HiPIMS discharge. The electron densities and 
temperatures are measured for 3 powers and both of the positions, with the results presented in 
this section. 
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4.3.2.1 Electron Density Measurements 
The electron density in the high confinement plasma and at the substrate can help to 
explain the magnetron operation and controlled electron loss to increase ion deposition rate. 
There needs to be sufficiently high electron density in the confinement region for normal 
operation of the magnetron, but there should also be a higher electron density at the substrate due 
to the controlled loss of electrons out of the magnetic trap. Triple Langmuir probe is used to 
measure the electron density and electron temperature as a function of time. Figure 4.10 shows 
the triple Langmuir probe traces at the target and at the substrate for the tripack magnet pack and 
the conventional magnet pack.   
Figure 4.12 – The tripack and the conventional magnet pack electron densities as a function of time for a 100 
microsecond HiPIMS pulse 
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Figure 4.13 shows the peak electron density in HiPIMS and the steady state electron 
density in DCMS. As is seen in figure 4.12, the peak density does not always occur at the same 
time in the pulse, therefore it is important to acknowledge that each point may be at a different 
time in the pulse. The results that were recorded at the target were recorded 0.5” away from the 
target surface, and the results taken at the substrate were taken 4” away from the target. As 
expected by now, the electron density at the substrate for the tripack is greater than the electron 
density with the standard magnet pack in both DCMS and HiPIMS, again showing that there is 
an increase in electrons escaping the magnetic trap, allowing for the increase in ions released 
from the magnetic trap. Also, just as important to the design of the magnet pack, the electron 
density should be high to allow for ionizations in the high confinement plasma near the target. 
Figure 4.13 shows that both of these desired criteria are met for the linear tripack magnet pack. 
 
4.3.2.2 Electron Temperature Measurements 
 The triple Langmuir probe also allows for the time dependent electron temperature to be 
measured. The time resolved temperatures are seen in figure 4.14 at the target and substrate for 
Figure 4.13 – Electron density as a function of power at (left) the target and (right) at the substrate 
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both the conventional and tripack magnet packs for DCMS and HiPIMS. It is seen that the 
electron temperatures are higher in the low density plasma at the substrate and at the target, the 
temperatures are very low, as is expected because the electron temperatures in HiPIMS are 
expected to be 0.3-0.4 eV [38]. Figure 4.15 shows the electron temperatures in the region of the 
pulse that is Maxwellian and constant, after at least 25 microseconds. Because the plasma in a 
magnetron is a deposition plasma, there is error associated with the collection area and when the 
dielectric between probe tips is coated, there is electric noise from the probes. This could cause 
the very high temperatures seen in the conventional DCMS at the target. 
  
      Figure 4.14 – Time resolved electron temperatures for the conventional and tripack magnet packs in HiPIMS. 
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         Figure 4.15 – Electron temperatures for the conventional and tripack magnet pack in DCMS and HiPIMS 
 With the exception of the electron temperature outlier of the conventional DC at the 
target, the electron temperatures have expected trends. As the power increases, and the density 
increases, so do collisions. The electron temperature decreases with power and also increases 
with distance away from the target, due to the decrease in density away from the target. At the 
substrate, because the densities in the conventional magnet pack are much smaller, the 
temperatures are much larger. 
 Following the modelling that showed that an increase in the loss of electrons is expected, 
experimental results are pursued and generally agree with the modelling. There is an increase in 
ion fraction when comparing the tripack magnet pack to the conventional magnet pack, which 
continues to suggest the reduction in trapped electrons. Additionally, the electron densities at the 
substrate also show that there is an increase in electrons that leave the highly confined plasma 
near the target. The experiments that measure the plasma parameters verify the modelling and 
deposition rate results. 
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Chapter 5 - Conclusions and Future Work 
5.1 Conclusions 
 There is always an increasing demand for superior films and coatings in all industries 
from the semiconductor industry to the automotive industry. The introduction of HiPIMS into the 
research community allowed for higher density films with better adhesion and directionality to 
be created with the caveat that it had intrinsically low deposition rates. Even with the ability to 
grow coatings and films of higher quality, the industry setting is driven by throughput, and if the 
number of products being created decreases, so do profits. 
 There are many ways that researchers try to combat the low deposition rates in HiPIMS. 
This work took the redesign of the magnetic fields approach and a new magnet pack, called the 
linear tripack magnet pack was developed. The idea behind this magnet pack was that a magnetic 
field design could be created that allows for the high electron density plasma region to exhaust 
some of its electrons away from the target, to allow for the ions that are trapped in the magnetic 
trap to diffuse out of the trap, or keep them from returning to the target and diffuse to the 
substrate by ambipolar diffusion, driven by the controlled electron leakage. 
 The magnet pack magnetic and electric fields were modelled and a line of electrons were 
released on the target surface, where the ExB drift could affect the electrons to cause them to 
travel in their respective closed drift trajectories. The magnetic field strength was determined to 
be sufficient for proper magnetron use, very close to the strengths seen in a conventional magnet 
pack, and the electrons traveled in the ExB closed path that was expected in each of the three 
erosion zones. Finally, a 2D electron trajectories simulation was run to see how the electrons 
travel on the complex magnetic field lines of the tripack. This simulation showed that there is a 
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route that electrons can escape from, where with the conventional magnet pack, there is no route 
of escape. 
 To confirm that there truly is a controlled loss of electrons, and there are ions that diffuse 
to the substrate behind those electrons, experiments are run. The fraction of ions to neutrals that 
reach the substrate is measured using a gridded energy analyzer with a QCM, and the tripack 
magnet pack had a higher ion fraction than the conventional magnet pack in both HiPIMS and 
DCMS. Then, a triple Langmuir probe is used to measure the electron density at the substrate 
surface, where if the electrons do escape more than in the conventional magnet pack, then the 
electron density will be larger for the tripack than the conventional magnet pack at the substrate, 
which was seen in both the DCMS and HiPIMS cases. 
 The main findings in this work were with respect to the deposition rate. The deposition 
rates of HiPIMS are the main reason that there is not more industrial implementation. There was 
a study carried out that compared the deposition rates and deposition uniformities between the 
tripack magnet pack and the conventional magnet pack. It was found that the tripack magnet 
pack had higher HiPIMS deposition rates and better deposition uniformity than the conventional 
magnet pack in HiPIMS when using a copper target. At 1.5kW, the tripack magnet pack also had 
a higher deposition rate than the DCMS conventional pack.  
 Modelling and experiments were carried out to compare the linear tripack magnet pack 
and the conventional magnet pack. There was an increase in electron leakage in the tripack 
magnet pack that led to an increase in ion fraction at the substrate. This increase in ion fraction 
allows for an increase in the HiPIMS deposition rate in the tripack magnet pack when compared 
with conventional magnet packs. 
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5.2 Future Work 
 The tripack magnet pack was incapable of having all three racetracks light up over the 
HiPIMS pulse nor in DCMS steady state operation, but only the outer two racetracks stay lit. 
This is because there is the most redeposition on the inner racetrack, and as the outer two 
racetracks erode, the magnetic field strength and their surface area increase. This causes the 
current to preferentially fill the outer most racetrack and causes the innermost racetrack to have 
the least current, eventually extinguishing it.  
 A new magnet pack is being designed to remedy this issue where a single long racetrack 
is being used. Figure 5.1 shows the 2D electron trajectrories for this new magnet pack and figure 
5.2 shows the 3D electron trajectories for this magnet pack design. Both of these plots show that 
this design could work the same as the tripack magnet pack, while always allowing the entire 
racetrack to have current. This magnet pack must be built and tested to prove or disprove that the 
application of one racetrack will help this issue in the tripack magnet pack.  
 
Figure 5.1 -  New magnet pack design for improved race track implementation 
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Figure 5.2 – New magnet pack electron trajectories after 5 microseconds 
  
 
  
67 
 
References 
1. Liang Meng, He Yu, Matthew M. Szott, Jake T. McLain, and David N. Ruzic, 
Downstream plasma transport and metal ionization in a high-powered pulsed-plasma 
magnetron, Journal of Applied Physics 115, 223301 (2014); doi: 10.1063/1.4878622. 
2. Ulf Helmersson, Martina Lattemann, Johan Bohlmark, Arutiun P. Ehiasarian, Jon Tomas 
Gudmundsson, Ionized physical vapor deposition (IPVD): A review of technology and 
applications, Thin Solid Films 513, 1 (2006). 
3. Mattias Samuelsson, Daniel Lundin, Jens Jensen, Michael A. Raadu, Jon Tomas 
Gudmundsson, Ulf Helmersson, On the film density using high power impulse 
magnetron sputtering, p. 591-596 Surface and Coatings Technology, Volume 205, Issue 
2, 15 (2010). 
4. He Yu, Liang Meng, Matthew M Szott, Jake T McLain, Tae S Cho, and David N. Ruzic, 
Investigation and optimization of the magnetic field configuration in high-power impulse 
magnetron sputtering, Plasma Sources Sci. Technol. 22 (4) (2013), 045012. 
5. Andre Anders, Deposition rates of high power impulse magnetron sputtering: Physics and 
economics, Journal of Vacuum Science & Technology A, 28, 783 (2010). 
6. I. Yu. Burmakinskii and A. V. Rogov, Calculation of the erosion profile of a cathode for 
magnetron ion-sputtering systems, Technical Physics, Vol. 48, No. 10, 2003, pp. 1264-
1269. 
7. Priya Raman, Ivan Shchelkanov, Jake McLain, Matthew Cheng, David Ruzic, Ian 
Haehnlein, Brian Jurczyk, Robert Stubbers, Sean Armstrong, High Deposition Rate 
Symmetric Magnet Pack for High Power Pulsed Magnetron Sputtering, Surface and 
Coatings Technology, Volume 293, 15 May 2016, Pages 10–15. 
8. Priya Raman, Ivan Shchelkanov, Jake McLain, Matthew Cheng, David Ruzic, Ian 
Haehnlein, Brian Jurczyk, Robert Stubbers, Sean Armstrong, High Deposition Rate 
Symmetric Magnet Pack for High Power Pulsed Magnetron Sputtering, Surf. Coat. 
Technol. (2015), in press. 
9. J. Alami, K. Sarakinos, G. Mark, and M. Wuttig, On the deposition rate in a high power 
pulsed magnetron sputtering discharge. Applied physics letters, 2006. 89(15): p. 154104. 
10. Bishop, C., Vacuum deposition onto webs, films and foils. 2011: William Andrew. 
11. Rossnagel, S. and H. Kaufman, Charge transport in magnetrons. Journal of Vacuum 
Science & Technology A, 1987. 5(4): p. 2276-2279. 
12. Kolev, I. and A. Bogaerts, Numerical study of the sputtering in a dc magnetron. Journal 
of Vacuum Science & Technology A, 2009. 27(1): p. 20-28. 
68 
 
13. Qingquan Qiu, Qingfu Li, Jingjing Su, Yu Jiao, Jim Finley, Influence of Operating 
Parameters on Target Erosion of Rectangular Planar DC Magnetron. Plasma Science, 
IEEE Transactions on, 2008. 36(4): p. 1899-1906. 
14. Zlatanovic, M., R. Beloševac, and A. Kunosić, Influence of magnetic field configuration 
on the deposition conditions in an unbalanced magnetron system. Surface and Coatings 
Technology, 1997. 90(1): p. 143-149 
15. Hopwood, J.A., The role of ionized physical vapor deposition in integrated circuit 
fabrication. Ionized Physical Vapor Deposition, 1999. 27: p. 1. 
16. Ehiasarian, A.P., J. Wen, and I. Petrov, Interface microstructure engineering by high 
power impulse magnetron sputtering for the enhancement of adhesion. Journal of applied 
physics, 2007. 101(5): p. 054301. 
17. P.J. Stout, D. Zhang, S. Rauf, and P.L. G. Ventzek, Comparing ionized physical vapor 
deposition and high power magnetron copper seed deposition. Journal of Vacuum 
Science and Technology B, 2002. 20(6), p. 2421-2432. 
18. Powell, R. and A. Ulman, Ionized physical vapor deposition. Vol. 27. 1999: Academic 
Press. 
19. Jochen M. Schneider, William D. Sproul, Andrey A. Voevodin, and Allan Matthews, 
Crystalline alumina deposited at low temperatures by ionized magnetron sputtering, 
Journal of Vacuum Science & Technology A, 1997. 15(3): p. 1084-1088. 
20. J. Bohlmark, M. Östbye, M. Lattemann, H. Ljungcrantz, T. Rosell, U. Helmersson, 
Guiding the deposition flux in an ionized magnetron discharge. Thin Solid Films, 2006. 
515(4): p. 1928-1931. 
21. Lundin, D. and K. Sarakinos, An introduction to thin film processing using highpower 
impulse magnetron sputtering. Journal of Materials Research, 2012. 27(05): p. 780-792. 
22. Alami, J., S. Bolz, and K. Sarakinos, High power pulsed magnetron sputtering: 
Fundamentals and applications, Journal of Alloys and Compounds, 2009. 483(1): p. 530-
534. 
23. Vladimir Kouznetsov, Karol Macák, Jochen M. Schneider, Ulf Helmersson, Ivan Petrov, 
A novel pulsed magnetron sputter technique utilizing very high target power densities, 
Surface and coatings technology, 1999. 122(2): p. 290-293. 
24. Anders, A., Self-sputtering runaway in high power impulse magnetron sputtering: The 
role of secondary electrons and multiply charged metal ions. Applied Physics Letters, 
2008. 92(20): p. 201501. 
25. Rossnagel SM, Kaufman HR. J Vac Sci Technol A 1988;6(2):223–9 
69 
 
26. Thornton, J.A., Magnetron sputtering: basic physics and application to cylindrical 
magnetrons. Journal of Vacuum Science & Technology, 1978. 15(2): p. 171-177. 
27. Priya Raman, Ivan A. Shchelkanov, Jake McLain, David N. Ruzic, High power pulsed 
magnetron sputtering: A method to increase deposition rate, Journal of Vacuum Science 
& Technology A, 2015, 33, 031304. 
28. Kurt J. Lesker Company, 2016, Torus Linear Magnetrons, Product Datasheet. 
29. Advanced Energy, Pinnacle 20kW User Manual 5702342-E 
30. Lu, C. and A.W. Czanderna, Applications of piezoelectric quartz crystal microbalances. 
2012: Elsevier. 
31. Michael Rodahl, Fredrik Höök, Anatol Krozer, Peter Brzezinski, and Bengt Kasemo, 
Quartz crystal microbalance setup for frequency and Q‐factor measurements in gaseous 
and liquid environments, Review of Scientific Instruments, 1995. 66(7): p. 3924-3930. 
32. K. M. Green, D. B. Hayden, D. R. Juliano, and D. N. Ruzic, Determination of flux 
ionization fraction using a quartz crystal microbalance and a gridded energy analyzer in 
an ionized magnetron sputtering system, Review of scientific instruments, 1997. 68(12): 
p. 4555-4560. 
33. Liang Meng, Ramasamy Raju, Randolph Flauta, Hyungjoo Shin, David N. Ruzic, and 
Douglas B. Hayden, In situ plasma diagnostics study of a commercial high-power hollow 
cathode magnetron deposition tool, Journal of Vacuum Science & Technology A, 2010. 
28(1): p. 112-118. 
34. YuiLun Wu, Diagnostics for ionized physical vapor deposition chambers, PhD 
Dissertation, 2016 
35. Chen, S.L. and T. Sekiguchi, Instantaneous direct‐display system of plasma parameters 
by means of triple probe. Journal of Applied Physics, 1965. 36(8): p. 2363-2375. 
36. Meng, L., Comparison of high power impulse magnetron sputtering and modulated 
pulsed power sputtering for interconnect metallization, 2013, University of Illinois at 
Urbana-Champaign. 
37. C. Riccardi, G. Longoni, G. Chiodini, and M. Fontanesi, Comparison between fast-sweep 
Langmuir probe and triple probe for fluctuations measurements, Review of scientific 
instruments, 2001. 72(1): p. 461-464. 
38. J. T. Gudmundsson, P. Sigurjonsson, P. Larsson, D. Lundin, and U. Helmersson, On the 
electron energy in the high power impulse magnetron sputtering discharge, Journal of 
Applied Physics, 2009. 105(12): p. 123302. 
70 
 
39. Priya Raman, Justin Weberski, Matthew Cheng, Ivan Shchelkanov, David N. Ruzic, A 
High Power Impulse Magnetron Sputtering Model to Explain High Deposition Rate 
Magnetic Field Configurations, 2016, in review. 
40. Priya Raman, Magnetic Field Optimization for High Power Impulse Magnetron 
Sputtering, PhD Dissertation, 2016 
41. C. Riccardi, G. Longoni, G. Chiodini, and M. Fontanesi, Comparison between fast-sweep 
Langmuir probe and triple Langmuir probe for fluctuations measurements. American 
Institute of Physics, Review of Scientific Instruments, 2001. Vol. 72, Num. 1. 
42. J. Čapek, M. Hála, O. Zabeida, J. E. Klemberg-Sapieha, and L. Martinu, Deposition rate 
enhancement in HiPIMS without compromising the ionized fraction of the deposition 
flux, Journal of Physics D: Applied Physics, 2013. 46(20): p. 205205. 
43. Mishra, A., P. Kelly, and J. Bradley, The evolution of the plasma potential in a HiPIMS 
discharge and its relationship to deposition rate. Plasma Sources Science and 
Technology, 2010. 19(4): p. 045014. 
